A comparison of the activity of genetic elements from the regulatory region of the Drosophila melanogaster Deformed gene during embryogenesis and adult life reveals important similarities and differences. The 2.7 kb epidermal autoregulatory enhancer (EAE) of the Deformed gene drives expression of a b-galactosidase reporter in unique spatial and temporal patterns in the adult antennae; this pattern is insensitive to temperature effects. The Deformed regulatory region possesses distinct enhancer elements that can direct the expression of a bgalactosidase reporter spatially and temporally. A 120 bp region can reproduce the general features of the larger EAE fragment. The Deformed binding site is essential for temporal and spatial expression of b-galactosidase during embryogenesis but is not required in the adult. q
Introduction
Traditionally, two broad hypotheses regarding the mechanisms of aging have dominated; one advocates the influence of random events as the primary determinant of aging. The opposing model argues for the presence of a genetic program responsible for the regulation of both the molecular events of aging as well as the rate and order in which these events occur. Both models emphasize the regulation of genetic events with age, but differ in the importance that they attribute to stochastic processes.
Environmental factors such as nutritional status have been demonstrated to affect the process of aging, perhaps indirectly by promoting or inhibiting the formation of internal factors which impinge upon the genome, such as oxygen radicals (Sohal and Weindruch, 1996) . Recently, a number of studies have attempted to provide information explaining how an apparently random process such as oxidative damage could result in the stereotypic pattern seen in aging Yan et al., 1997; .
Genetic programs of aging and external influences from the environment may interact at the level of metabolic control (Finch, 1990; Finch and Tanzi, 1997; Sohal and Weindruch, 1996) . The actual mechanisms of the aging process are likely to include both environmental influences, like temperature, and physiologically protected or compensated internal components, such as circadian rhythms. One point at which these diverse elements may converge is at the level of regulation of gene expression. Hence, the importance of understanding the control of gene expression during aging.
Examination of gene regulation in Drosophila melanogaster has lead to a number of important conclusions concerning gene expression during aging. Gene regulation during adult life is both complex and robust. As opposed to the idea that adult life is characterized by random passive decline, studies on gene expression suggest that the life of the adult is similar to developmental periods and may thus be characterized as a time of dynamic well-regulated change Helfand and Rogina, 2000; Rogina and Helfand, 1995 ). The expression of many different genes is regulated in complex temporal patterns, each gene having its own signature temporal pattern of expression. Using enhancer-trap marked genes, it was demonstrated in Drosophila that there are two types of time-dependent gene regulation in the adult fly, referred to as age-dependent and age-independent. When life span is altered by either environmental (ambient temperature) or genetic manipulations (mutations which accelerate agingShaker or Hyperkinetic), the temporal pattern of those genes exhibiting age-dependent regulation show a compensatory alteration in their temporal pattern of expression which is proportional to the change in life span Helfand, 1995, 1997) . Genes exhibiting age-independent regulation do not alter their temporal pattern of expression with manipulations that alter life span (Rogina and Helfand, 1996) . These studies suggest that there are genetic elements, such as enhancer elements, that may be responsible for sensing and reacting to agedependent and age-independent cues.
Most studies on gene expression in Drosophila have made use of enhancer-trap lines tagged with reporter genes (Bellen et al., 1989; Bier et al., 1989; Freeman, 1991; O'Kane and Gehring, 1987) . Enhancer-trap lines are extremely useful in identifying interesting spatial and/or temporal patterns of gene expression, but unfortunately provide little direct information on the genetic elements that are involved in regulating gene expression. Few studies have addressed the question of whether cis-regulatory regions serve as detectors or directors of the temporal patterns of expression that have been revealed by the enhancer-trap reporter gene studies; some notable exceptions are the studies by Roy and colleagues on the rat androgen receptor (Song et al., 1991; Supakar et al., 1993) and the recent studies of the hsp70 and hsp22 genes in Drosophila Wheeler et al., 1999) .
The present study reports on our analysis of reporter gene expression during aging in adult Drosophila melanogaster. The availability of fly stocks with reporter genes, welldefined DNA fragments/constructs associated with lacZ, has allowed us to explore in detail some of the genetic elements that may be involved in the temporal patterns of gene expression seen during the adult life of the fruit fly.
Results
Using b-galactosidase (b-gal) reporter gene constructs, the spatial and temporal pattern of expression directed by enhancer elements from the Deformed and Distal-less genes was examined in the adult antennae.
Expression of the Distal-less enhancer
A construct containing the 5.8 kb ventral-lateral maxillary enhancer (ETD6) regulatory region of the Distal-less gene (O'Hara et al., 1993) shows b-gal expression throughout the second and third segments of the adult antennae. Expression in the third segment is negligible for the first week of adult life and then increases markedly reaching a plateau at day 13-15 which is maintained throughout the rest of adult life (Fig. 1A) .
Expression of the neural autoregulatory element (NAE) of Deformed
A construct containing the 608 bp neural autoregulatory element (NAE) from the Deformed gene (Lou et al., 1995) shows strong diffuse expression throughout the second, third, and fifth (arista) antennal segments. In third and fifth antennal segments the b-gal expression from this construct is high from the onset of adult life, increases still further over the first few days, and is then maintained at this high level of b-gal expression throughout the rest of adult life (Fig. 1B) .
Expression of the epidermal autoregulatory element (EAE) of Deformed
A construct containing the 2.7 kb epidermal autoregulatory element (EAE) of Deformed (Zeng et al., 1994) shows expression in the second, third, and fifth (arista) segments of the antennae. The temporal pattern of b-gal expression in the third and fifth antennal segments of the EAE reporter construct demonstrates dramatic reproducible alterations in the levels of b-gal expression during adult life. These temporal changes may be divided into two phases. The first phase is characterized by a rapid decline in b-gal expression from a high level, found immediately upon emergence of the adult from the pupal case, to a low to negligible level by day 10-14. After a few days of a low level of b-gal expression a second period of b-gal expression begins, in the same spatial distribution within the antennae as before, peaking by 20-25 days and then declining to a low level thereafter (Fig. 1C) . The spatial and temporal pattern of expression of the EAE construct inserted into two different chromosomal positions, one on the first (X) chromosome (Fig. 1C) and the other on the third chromosome was similar (data not shown). This suggests that the spatial and temporal pattern of expression seen is a characteristic of the EAE construct and not an artifact resulting from positional influences.
Effect of ambient temperature on the temporal pattern of the Deformed EAE
Expression from the 2.7 kb EAE construct in animals living at three different temperatures was examined in order to determine if the time-dependent regulation is sensitive to alterations in life span. Stocks with the EAE construct at two different chromosomal locations (noted above) were used to reduce the concern that neighboring chromosomal DNA might effect the EAE construct's temporal pattern of expression. Despite the nearly three fold difference in life span that is known to occur between animals living at 18 and 298C Miquel et al., 1976) , there is little to no difference in the temporal pattern of b-gal expression driven by the EAE fragment located on the X chromosome (Fig. 2) or the EAE fragment on the third chromosome (data not shown). Statistical analysis shows that there is no significant difference at any age (see Section 4).
Subfragments of the Deformed EAE region
The spatial and temporal pattern of expression of a series of reporter lines containing subfragments of the 2.7 kb EAE region (Zeng et al., 1994) were analyzed to determine the nature and number of time-dependent temperature insensitive elements in the 2.7 kb EAE region (Fig. 3) .
Deformed ABC fragment
The ABC fragment is a 1.2 kb fragment from the 5 0 end of the 2.7 kb EAE fragment that shows a similar pattern of expression to the intact 2.7 kb Deformed EAE pattern during embryogenesis (Zeng et al., 1994) . Examination of this fragment in the adult shows a very high expression of b-gal in nearly the same portions of the antennae as the 2.7 kb EAE fragment (data not shown). One exception is a decrease in the region of the sacculus of the third antennal segment as compared to the EAE fragment. The temporal pattern of b- gal expression showed a pattern with great similarities to the larger 2.7 kb EAE fragment (Fig. 4A ,C).
Deformed D fragment
The D fragment is a 900 bp piece of DNA adjacent to and 3 0 of the ABC fragment, containing four sites for Deformed regulation (Zeng et al., 1994) ; embryonic expression is restricted to the posterior portion of the embryonic region in which the EAE drives expression. Adult flies containing a reporter construct of the D fragment show b-gal expression restricted to the sacculus region of the third antennal segment (Fig. 4B ), a subset of the overall EAE expression pattern. Temporally the initial expression from the D fragment is high, then gradually decreases to a low at 20 days, and reaches a plateau thereafter that is maintained at roughly the same level of expression (data not shown).
Deformed F fragment
The F fragment is a 470 bp fragment of DNA from the most 3 0 portion of the 2.7 kb EAE fragment containing six binding sites for the binding of the Deformed protein (Zeng et al., 1994) . Although highly active during embryogenesis, reporter constructs containing the 470 bp F fragment appear transcriptionally silent throughout adult life (data not shown).
Deformed E fragment
The smallest fragment is the 120 bp E fragment which contains a single binding site for the Deformed protein and demonstrates an embryonic pattern of expression similar to that reported for the D and F fragments (Zeng et al., 1994) . Adult flies containing the 120 bp E fragment reporter inserted at two different chromosomal locations (on the second and third chromosomes) show nearly the same spatial and temporal pattern of expression during adult life as the intact 2.7 kb EAE fragment itself (Fig. 5) . One notable difference is a reduction in expression in the region of the sacculus similar to what is seen with the ABC fragment ( Fig. 5 and data not shown).
Effect of ambient temperature on the temporal pattern of the 120 bp E fragment from the Deformed EAE
A total of four different sites insertion with two different E fragment constructs were examined and all but one showed the same lack of change in the timing of gene expression with changes in ambient temperature as was seen with the intact 2.7 kb EAE fragment (Fig. 5C) . In a single case however, there was a clear change in the temporal pattern of expression induced by ambient temperature, suggestive of age-dependent regulation. One of the lines, possessing the intact E fragment on the third chromosome, demonstrated features expected of responsiveness to relative age, an alteration of expression at different temperatures and scaling of expression to percent life span (Fig. 6 ).
E substitutional mutations
Since the E fragment shows a pattern of expression similar to that of the intact enhancer, an analysis of the E fragment was performed to determine the elements responsible for the complex temporal and spatial patterns observed in adulthood. Knowledge of the sequence and genomic architecture of the E fragment have been used to divide the E fragment into six regions based upon stretches of homology to a similar region, the H fragment, from another species of Drosophilid, Drosophila hydei (Zeng et al., 1994) (Fig. 3B) . Regions 1, 2, and 4 are dispensable for embryonic activity, while regions 3, 5, and 6 are essential (Zeng et al., 1994) . See Table 1 for a summary of E substitutions and reporter gene expression in embryos and adults.
2.7.1. Regulation of regions 1, 2, and 4 suggests an adultspecific mechanism Regions 1, 2, and 4 have previously been shown to be dispensable for normal embryonic expression of the E fragment expression (Zeng et al., 1994) ; whether they are replaced by random sequences singly or in combination has no effect on reporter expression in embryogenesis. In the adult, regions 1, 2, and 4 appear essential for expression, but in an interesting combinatorial fashion. The replacement of any one of these sequences eliminates adult expression; no expression is seen in lines containing constructs E1, E2, or E4 (data not shown). However, simultaneous replacement or alteration of all three sites as in the ES construct (two independent insertions of the ES construct on the third chromosome studied), leads to a recapitulation of the entire normal spatial and temporal pattern of expression of the unaltered E fragment ( Table 1 ). The only major difference from normal expression is an enhancement in the levels of b-gal expression with the ES fragment (Fig. 7A) . Statistical analysis suggests that there are differences in intensity between the ES and normal E fragment starting around day 12. It is our interpretation that although the level of intensity may differ the overall shape of the temporal patterns is still quite similar.
The two ES reporters were also examined for temperature insensitivity over the first 15 days of adult life. At 18, 25, and 298, the graphs of expression for the ES insertion appear very similar suggesting that like the EAE and E fragments the ES fragment also does not alter its temporal pattern of expression in response to changes in ambient temperature (Fig. 7B) . Statistical analysis shows that there is no significant difference at any age (see Section 4).
The Deformed protein binding sequence is not the primary site for the regulation of adult expression
The wild-type sequence of region 3 is essential for embryonic expression of the E fragment (Zeng et al., 1994) . The 9 bp Deformed protein binding site (DBS) is located in this region. Elimination of the DBS decreases in vitro binding of Deformed and embryonic expression, while replacement of virtually the entire sequence of region 3 eliminates embryonic expression (Zeng et al., 1994) . In the adult, all alterations in region 3, including those that eliminate embryonic expression show an essentially normal adult temporal pattern of expression (Fig. 8). 2.7.3. The wild-type structure of region 5-6 is essential for the regulation of adult expression
Region 5-6 is critical for embryonic expression. This region is characterized by a large imperfect inverted repeat (Zeng et al., 1994) . Substitutions, which improve the symmetry of this region, enhance embryonic expression while alterations, which decrease the symmetry, reduce embryonic expression (Gross and McGinnis, 1996) . In all cases any alteration of region 5-6 completely disrupts adult expression (Table 1) .
Discussion
The regulatory regions of genes modulate both the spatial and temporal specificity of transcription. While much is a E region altered-indicates the region of the E fragment that has been altered and some information about the nature of the change. DBS is the Deformed binding site. Specific details about each altered fragment are in Section 2 and in Zeng et al. (1994) . #Reporter gene expression (1) indicates the construct shows expression similar to the intact E fragment; (2) significantly altered or no expression; (1/2) expression at a lower level than normal; and (1 1 ) expression at a higher level than normal. known about the control of tissue specificity less is known of the genetic elements that control temporal patterns of gene expression. During development the timing of gene expression is critical and genetic elements important in maintaining this timing have been documented in a number of organisms. Such control in the timing of expression is seen in the patterning genes in Drosophila development, as witnessed by the coordinated binding of multiple proteins of transcriptional control (Capovilla et al., 1992; Gaul and Jäckle, 1990; Knipple et al., 1985) .
It has been shown that the timing of gene expression is well regulated during adult life just as during development. The triphasic change in androgen sensitivity seen throughout the life of the adult rat is the result of the modulation of expression of the rat androgen receptor gene (Song et al., 1991) . Molecular analysis has revealed that an age-dependent factor is involved in this differential regulation (Supakar et al., 1993) . In Drosophila a series of reports utilizing enhancer-trap tagged genes and more recently reporter genes for hsp22 and hsp70 have documented the dynamic well-regulated changes in the expression of many different genes during adult life Helfand and Rogina, 2000; King and Tower, 1999; Helfand, 1996, 1997; Wheeler et al., 1995 Wheeler et al., , 1999 . The temporal pattern of expression of some of these genes appears to be regulated by mechanisms associated with life span (agedependent) Rogina and Helfand, 1995) . The timing of expression of other genes appears resistant to manipulations that change life span (age-independent) (Rogina and Helfand, 1996) .
These studies suggest that during adult life the temporal pattern of expression of many genes in Drosophila may be quite complex. The expression of some genes increases from a low level early in adult life to a high level later. With some genes this increase in expression may take 2-3 weeks, while in other genes a plateau is reached in less than 1 week. Additional complexity is seen after the plateau has been reached, some genes have a decline in the level of their expression, others continue to maintain the high level of expression throughout life. Still other genes have been shown to have temporal patterns of gene expression that are opposite to these. The expression of the wingless gene in the antenna of the adult fly shows a particularly complex pattern of expression throughout adult life (Rogina and Helfand, 1997) . The expression of wingless and other examples demonstrate the dynamic and well-regulated control of gene expression during adult life and aging. One of the things that these studies do not address is what may be the genetic elements involved in controlling these complex temporal patterns of gene expression?
Enhancer elements may regulate the temporal patterns of gene expression in adults
Using well-defined reporter gene constructs, we investigated the nature of the temporal control of gene expression in the antennae of the adult fly during aging. Reporter gene constructs containing regulatory regions from the Deformed epidermal autoregulatory enhancer (Deformed EAE), the Deformed neural specific enhancer, and Distal-less, the downstream target gene of Deformed, each direct the expression of a reporter protein, b-galactosidase (b-gal), in a distinct spatial and temporal pattern throughout adult life. Thus, these fragments of DNA, which are important in controlling gene expression during development, are also capable of regulating gene expression in a complex temporal pattern during adult life. The functional significance of these temporal patterns of expression during adult life is unknown. The fact that these regulatory elements, and enhancer-trap lines associated with genes such as wingless and engrailed (Rogina and Helfand, 1997) , are able to direct specific timeresponsive adult expression however, suggests that genes known to be important during development may also be functioning during adult life.
The Deformed EAE fragment contains an element insensitive to the effects of ambient temperature
Previous studies using enhancer-trap elements have suggested the presence of regulatory elements in the genome that appear both sensitive and insensitive to the effects of ambient temperature Helfand and Rogina, 2000; Rogina and Helfand, 1995 . Although the overall temporal pattern of expression driven by the Deformed EAE fragment shows similarity to that seen with the wingless enhancer-trap stock, unlike wingless, the temporal pattern of the Deformed EAE fragment is unaffected by ambient temperature. Despite an 118 difference in temperature, resulting in a three-fold difference in life span, and all the concomitant effects temperature has on the kinetics of chemical reactions and general organismal metabolism, the Deformed EAE reporter construct showed no significant change in the temporal pattern of b-gal expression (Fig. 2) . Whether this reflects insensitivity to the effects of ambient temperature or the presence of compensatory mechanisms accommodating for the effects of temperature is unknown.
Chromosomal position may negate the mechanisms compensating for ambient temperature
Analysis of the 120 bp Deformed E fragment also showed the same insensitivity to the effects of ambient temperature with a single exception. One of the E fragment constructs, in only one chromosomal position, but no other, demonstrated a change in the temporal pattern of expression with ambient temperature which was proportional to a change in life span (Fig. 6) . The finding of five separate sites of insertion (EAE and E fragments, including ES constructs) in which there is an insensitivity to the effects of ambient temperature on the temporal pattern of gene expression suggests that this lack of response to temperature is inherent to the EAE fragment itself. The single E fragment stock which showed alterations in temporal expression at different temperatures supports observations from enhancer-trap analyses suggesting that chromosomal regions may harbor elements or assume chromatin structures that protect or expose genes to the effects of temperature and age-responsiveness Helfand and Rogina, 2000; Helfand, 1995, 1997) .
Subfragments of the Deformed 2.7 kb fragment reveal aspects of a possible combinatorial code
The expression pattern of the subfragments (ABC, D, E, F) from the 2.7 kb Deformed EAE fragment suggest that during adult life some aspects of the control of spatiality, temporality, and intensity of expression are coded combinatorially, while other aspects are coded in an independent and redundant manner. For example, the 1.2 kb ABC fragment and the 120 bp E fragment both reiterate the same general temporal pattern of expression seen with the intact 2.7 kb Deformed EAE fragment although there are differences in intensity of expression and some subtle differences in spatial distribution. The level of expression from the ABC fragment is much higher than that with the intact EAE fragment while the E fragment is expressed at a lower level (Figs. 4 and 5) . One caveat concerning the ABC fragment is that its expression was examined with the construct in only one chromosomal position, so the high level of expression could be related to chromosomal position effects rather than an inherent property of the construct itself. The spatial expression of the ABC and E fragments also showed some differences from the intact EAE fragment (Figs. 4 and 5) . They both lack the intense expression in the region around the sacculus of the third antennal segment. Expression from the 900 bp D fragment is entirely restricted to the sacculus region and is found at a high level (Fig. 4) . The intact EAE expression pattern, temporally and spatially, may be the result of a summation of the effects of enhancers spread throughout the 2.7 kb region. Enhancers can thus be found which are potentially capable of regulating spatial and temporal patterns as well as level of gene expression during adult life. The similarity in temporal pattern of expression suggests that the ABC and E fragments may contain a common enhancer element(s) that could respond to time and direct a complex temporal pattern of expression extending over the life time of the adult animal. Sequence analysis of these two fragments has not yet revealed a common enhancer element motif. Identification of the critical consensus sequences controlling the temporal pattern of expression from these regulatory fragments of DNA could allow for a wider search of the Drosophila genome for such time-dependent and temperature-insensitive enhancer elements.
Different genetic elements may be important during adult life
Substitutional analysis of the 120 bp E fragment suggests that the regulatory elements involved in directing reporter gene expression during adult life is different from those important in embryogenesis. Some elements that are dispensable during embryogenesis are essential for adult reporter gene expression, while others that are important for embryonic expression are unnecessary for adult reporter gene expression (Table 1) .
Random substitutional changes in regions 1, 2, and 4 of the E fragment either singly or with all three combined has no effect on the E fragment's embryonic reporter gene expression. In contrast to this, reporter gene expression in the adult is completely ablated by substitutions in regions 1, 2, or 4 alone. Remarkably, when all three substitutional mutations are combined in the same construct normal temporal and spatial reporter gene expression is restored in the adult (Fig. 7A and Table 1 ). Furthermore, the temperature insensitivity is also preserved (Fig. 7B) . This suggests an adult-specific mechanism of regulation requiring an interaction between regions 1, 2, and 4 in order for normal reporter gene expression.
One of the two regions within the E fragment that is most critical for reporter gene expression during embryogenesis is region 3. Region 3 contains the Deformed protein binding site that is thought to be important in maintaining expression through an autoregulatory loop (Zeng et al., 1994) . Despite the importance of the Deformed protein binding site (DBS) for normal embryonic regulation it does not appear to be important for adult reporter gene expression. Substitutional mutations in the Deformed protein binding site that enhance or eliminate embryonic expression have little effect on adult reporter gene expression (Table 1) . Furthermore, the Deformed F fragment, a 470 bp fragment containing six Deformed binding sites, lacks any adult transcriptional activity. Unlike during embryogenesis, reporter gene expression in adults of DNA fragments from the Deformed E fragment may not be dependent upon feedback from the Deformed protein through the Deformed protein binding site (Table 1) .
A second region that is critical for embryonic reporter gene expression is region 5-6, which is largely made up of an imperfect palindrome sequence. Substitutional mutations in the palindrome from the region 5 or region 6 halves both disrupt embryonic activity of the E region, either decreasing reporter gene expression or abolishing it while changes that improve the palindrome increase expression during embryogenesis (Zeng et al., 1994) . However, all alterations in this region, either improving or disrupting the palindromic sequence, lead to a complete loss of adult gene expression (Table 1) suggesting that the palindrome itself is not necessarily the critical element in adult expression.
Gene expression in adults
The function of Deformed gene expression in the adult antenna is not understood. Northern analysis (Chadwick and McGinnis, 1987) and RT-PCR (B. Hoopengardner, unpublished data) have demonstrated that the Deformed message is detectable in the adult. Adult antennal expression of a number of other genes besides Deformed and Distal-less has also been suggested using the enhancer-trap system. These include genes such as wingless, engrailed, Antennapedia, armadillo, hedgehog, and decapentaplegic (Hama et al., 1990; Rogina and Helfand, 1997, B. Rogina and S.L. Helfand, unpublished results) . Why these well-known 'developmental' genes are expressed during adult life is not clear. Knowledge of the roles these genes serve during embryonic and larval-pupal development does not readily explain their spatially restricted and temporally complex pattern of expression during adult life. The adult antenna is made up of cells that are post-mitotic and fully differentiated. Had expression been limited to the first few days of adult life, then the expression of these developmental genes might have been rationalized as relictual of the developmental processes involved in the formation of the adult or an aspect of the maturational process. The continued wellregulated expression of these genes in adult life provides evidence that they may be playing other critical roles in the adult.
Taken together the studies presented in this report show that the Deformed regulatory region possesses several distinct enhancer elements capable of directing expression during adult life. Some of these elements are similar to those shown by reporter gene constructs to regulate expression during embryogenesis while others may be unique, and selective for adult life (Zeng et al., 1994) . The present studies and others describing the regulation of gene expression during adult life are just the initial point of observation toward a greater understanding and appreciation of the complex processes of adult life. With the advent of high throughput microarray technology much more information will soon be available describing the temporal patterns of gene expression. The challenge for the future is to document and understand the importance of these molecular genetic changes and the role they play in adult life.
Experimental procedures

Drosophila stocks
All reporter construct stocks were obtained from the laboratory of Dr William McGinnis (Zeng et al., 1994; Gross and McGinnis, 1996) .
Drosophila culture
Flies were raised in standard plastic collection bottles or vials containing a standard cornmeal mixture medium (Ashburner, 1989) and kept in humidified incubators at 258 throughout development. Adult flies were collected approximately 2 h after eclosion without anesthesia, and placed in plastic vials filled with standard cornmeal medium, in mixed gender groups of approximately thirty flies per vial. Male and female flies were aged together in the same vial. These groups were placed at 18, 25 or 298, as appropriate. Flies were passed to fresh vials every 7 days (Rogina and Helfand, 1997) .
Life span
Life span studies were done using methods of collection and culture noted above except that the flies were passed into fresh vials every other day at which time the number of dead males and females were counted. At least 300 animals (approximately 150 males and 150 females) were examined for each survivorship curve. Percent life span was determined for Fig. 6 using 1% maximal life span from the particular stock and condition being compared.
Quantitation of b -gal expression in whole mount adult antennae
An optically based computer-assisted video microcopy system was used to measure the relative amount of X-gal reaction from whole mount antennae (measurements were restricted to the third and fifth-arista-segments) as detailed previously Helfand et al., 1995) . Antennae from at least 10 male and 10 female animals were sampled at each time point, using methods previously described Helfand et al., 1995) . In all figures, data from males are presented, although in general no difference in the timing of intensity or levels of expression was seen between males and females. Standard procedures for X-gal staining and data analysis were followed (Ashburner, 1989; Rogina and Helfand, 1995) . The only exception being the ABC reporter line in which a shorter incubation time of 2 h for the X-gal reaction was used.
Statistical analysis
Function estimation was via regression smoothing. The conditional mean function of expression as a function of age was estimated non-parametrically using a local linear polynomial regression. In this procedure, the estimate of the expression value at age x is obtained via a linear regression using only a subset of points nearest to the age in question. The 'window size' covering points used in any single regression was obtained using a procedure called cross-validation, which is a jackknife-like approach used to obtain an 'optimal' smoothing window based on minimizing the theoretical mean squared error summed over the function values at all ages.
The conclusion from this analysis is that for all except two conditions the comparisons between data within each of the figures show remarkable similarity and the data are not significantly different at any age. One of the two exceptions was expected-the E fragment on the second chromosome (Fig. 6) , which shows temperature sensitivity in its temporal pattern, reveals a statistically significant difference between the data at 18 and 298. The second difference seen was in Fig. 7A where statistical analysis shows a difference in intensity after about day 12. Despite this statistical difference in level of intensity it is our interpretation that the overall shape of the two temporal patterns of expression are similar. Statistical analysis reveals that the best fit of a curve for our data is one showing a biphasic pattern.
